Objectives: The context of antibiotic resistance genes can provide valuable information about the epidemiology of mobile genetic elements. This study examined the distribution of the closely related bla TEM transposons Tn1, Tn2 and Tn3, or bla TEM -containing fragments of them, in ampicillin-resistant human commensal Escherichia coli isolates.
Introduction
The TEM b-lactamase, conferring resistance to penicillin family antibiotics such as ampicillin, is encoded by the bla TEM gene, which is found in a group of closely related transposons that represent three of the earliest bacterial resistance transposons to be identified. Tn1, 1 which was also known as Tn801, was originally found in an IncP1-a plasmid RP1 (or RP4, R18, R68 or RK2), Tn2 2 in RSF1030 and Tn3 3 in Tn4 from plasmid R1. Despite their early discovery and small size (4.95 kb), sequences for all three were not available until recently. Tn3 from R1 (GenBank accession number V00613) 4 and Tn1 from RP1/RP4/R18/R68/ RK2 (BN000925 and L27758) 5 have been completely sequenced and, in addition to the bla TEM gene, they include a transposase and a resolvase gene, tnpA and tnpR, and a resolution site, res (Figure 1a ). When a complete sequence for Tn2 from plasmid pRMH760 became available (AY123253), 6 a detailed analysis of the relationships within this group 7 revealed that they are not identical. They share regions of very high identity (.99%) over most of their length, but two short segments (black and grey in Figure 1 ) located on either side of the resolution site (res) differ significantly (83 -88% identity). The central boundary coincides with the AT dinucleotide in resI at which resolvasemediated recombination occurs, 8 implicating resolution in the generation of these mosaic structures. The location of the other end of each region is less sharply defined, suggesting involvement of a homologous recombination step. For simplicity, this group will be referred to by their original moniker, TnA, unless their identity is known.
Tn3 and Tn2 both encode identical TEM-1 proteins, but the gene sequences differ by three nucleotides. 9, 10 These variants are designated bla TEM-1a and bla TEM-1b , respectively. TEM-2 differs from TEM-1 by a single amino acid change, Q39K, 10 and the bla TEM-2 variant, which is found in Tn1, differs by 5 or 6 nucleotides from the bla TEM-1 types. TEM enzymes are important determinants of resistance in Gram-negative bacteria, and more than 180 variants derived from the TEM-1 or TEM-2 b-lactamase have been recorded at http://www.lahey.org/Studies/temtable. asp (13 December 2010, date last accessed). 11 Many do not have altered properties, but others can hydrolyse additional substrates, such as third-generation cephalosporins, and are called extended spectrum b-lactamases (ESBLs), or are resistant to inhibitors developed to counter the effects of b-lactam resistance due to the presence of TEM and SHV enzymes.
Although information on the genetic context of the bla TEM genes would be very valuable in understanding how this important resistance gene is disseminated, for most TEM variants little or no sequence beyond the ends of the gene is available. However, the gene is present in a number of plasmids sequenced in the last 5 years and this has revealed instances where the transposon is complete and others where only the part of TnA that includes bla TEM is present. Among the partial forms, TnA often appears to have been truncated by IS26. 12, 13 Here, we have devised strategies to examine the context of the bla TEM gene and used them to examine the distribution of the various forms in commensal Escherichia coli recovered from healthy adults.
Materials and methods

E. coli isolates
This study was approved by the University of Sydney Human Research Ethics Committee (04-2008/10778). Informed consent was obtained from all volunteers as per the requirements of the approval. The strains used were derived from three sources. A published examination of 35 commensal E. coli strains recovered from the faeces of 22 healthy human subjects in 2008-2010 yielded 12 ampicillin-resistant isolates containing the bla TEM gene and a variant of one of them that had a different resistance phenotype. 14 A further set of 33 strains was isolated from further samples collected over the same time frame, using the same protocols for isolation and analysis. This collection yielded 9 ampicillinresistant strains with 8 carrying bla TEM and 1 carrying the bla SHV gene. Two were shown to be variants of a strain from the earlier study and were isolated from a subsequent sample from the same subject. Three further human commensal strains prefixed 838 or 705 were recovered in an earlier study 15 
PCR mapping
Pure cultures were grown overnight in Luria broth containing ampicillin at 50 mg/L and genomic DNA was extracted using the Wizard Genomic Purification Kit (Promega, Madison, WI, USA) or by a cetyltrimethylammonium bromide (CTAB) extraction procedure 16 and used as the template for PCR. Primers and product sizes are listed in Table 1 . Amplification was carried out in ThermoPol reaction buffer (New England Biolabs, Ipswich, MA, USA) containing 200 mM of each deoxynucleoside triphosphate (dNTP), 1 mM of each primer, 10 -20 ng of DNA template and 1 U of Taq DNA polymerase (New England Biolabs). Reaction conditions were 948C for 5 min, followed by 30 cycles of denaturation (948C; 30 s), annealing (608C; 30 s) and extension (728C; 30-90 s), and a final extension at 728C for 5 min. Approximately 2 mg of PCR product was digested with 2 U of MslI (New England Biolabs) in the supplied buffer at 378C for 1 h, followed by heat inactivation at 658C for 20 min. PCR products and digestion fragments were separated on agarose gels and visualized after staining with ethidium bromide. Product sizes were estimated using sequenced controls and 100 bp or 1 kb DNA ladders (New England Biolabs).
Plasmids R1, which is the original source of Tn3, R1033, which contains Tn1, and pRMH760, which contains Tn2, were used as controls.
DNA sequencing and sequence analysis
Automated sequencing was performed at the Australian Genomic Research Facility on an Applied Biosystems 3730, 7900 Genetic Analyzer and a Transgenomic WAVE-dHPLC (Applied Biosystems, Carlsbad, CA, USA) using the Big Dye system. Sequences were assembled using Sequencher version 4.9 (Gene Codes Corporation, Ann Arbor, Michigan). Sequences were compared with those found in the GenBank nonredundant DNA database using the BLAST alignment facility (http:// blast.ncbi.nlm.nih.gov). The Gene Construction Kit version 2.5 (Textco, West Lebanon, New Hampshire) was used to draw figures to scale.
GenBank accession numbers
The complete sequences of transposons and their surrounds have been deposited in GenBank with the following accession numbers: HM749966 for Tn3 from R1; HM749967 for Tn2a from isolate 838-40B; and HM804085 for Tn1 from R1033.
Results
TnA mapping
Ampicillin-resistant E. coli strains isolated from the commensal flora of healthy adults and shown to contain the bla TEM gene were examined for the carriage of a complete TnA family transposon using the five overlapping PCRs illustrated in Figure 1 . Sixteen strains and one variant appeared to include a complete copy of TnA ( Table 2) . One of the TnA-containing isolates (11.1-R1) yielded a larger product with PCR3, and sequencing revealed a copy of insertion sequence IS4 that duplicated bp 2968-2880 (numbering Tn2 from the left end, as shown in Figure 1 ). For the remaining isolates, only PCR5 or none of the PCR set was positive. The exception carried only the region covered by PCR1. The isolates that did not generate an amplicon for PCR5 were examined to determine whether the region downstream on the bla TEM gene extended to the inverted repeat (IR) using primer RH605 with L ( Table 1 ). In all cases the IR was present.
Tn2 is the dominant bla TEM -containing transposon in commensal E. coli
To determine which transposon-Tn1, Tn2 or Tn3-was present, PCR4, which includes the mosaic region, was digested. Restriction enzyme MslI was used because in silico analysis indicated that it would differentiate the three control transposons (Figure 2 ). For one commensal isolate, the digestion pattern corresponded to Tn3. For the remaining commensal isolates, the digest pattern The PCR product size is for Tn1; the product is 1 bp smaller in Tn2 and 1 bp larger in Tn3. c a and b refer to the orientations of IS26 shown in Figure 1 (c) and Figure 1(d) , respectively. bla TEM transposons in commensal E. coli 747 JAC corresponded to that of Tn2 or a variant of it (Table 2 ). To validate these assignments, the sequences of a shorter PCR amplicon (tnpA-R in Table 1 ) from eight isolates were determined and they were .99.5% identical to the Tn2 or Tn3 control sequences. The isolates with the Tn2 variant (838-40B and 5.1-R1) yielded a digestion pattern that was very closely related to that of Tn2 and the sequence of the short tnpA-R amplicon differed from that of Tn2 by only 3 bases, one of which removes an MslI site. This type was designated Tn2a. The complete sequence of Tn2a from 838-40B was determined (GenBank accession number HM749967) and it differs from the Tn2 sequence (GenBank accession number AY123253) at only 9/4950 bp, with 4 of the differences to the left of the crossover position in resI and 5 to the right.
Distribution of Tn1, Tn2 and Tn3 in published sequences
A comparison of all of the complete copies of TnA in the GenBank non-redundant nucleic acid database (1 May 2010) to the standard sequences (bold lines in Table 3 ) revealed only one incidence of Tn3, in addition to sequences for transposons derived experimentally from R1 (Table 3 ). Tn1 was detected in several plasmids, mostly of the IncP group. An almost complete copy of Tn1 is also found in the genomic AbaR3 resistance island of Acinetobacter baumannii. All other complete copies and three copies lacking a short segment at one transposon end were Tn2, although, with the exception of the control, these were all annotated incorrectly as Tn3. These transposons were found in a wide range of Gram-negative bacteria ( Table 3 ). Hence the predominance of Tn2 appears to extend throughout the Gramnegative bacteria.
IS26 truncations of TnA
In a number of sequences, IS26 has been found adjacent to part of TnA (e.g. Wain et al. 12 and Cain et al. 13 ) and the possibility that IS26 may be present upstream of the bla TEM gene in the remaining isolates was investigated using the PCRs shown in Figure 1 (c) and Figure 1(d) to detect linkage between the bla TEM gene and IS26 in each of the two possible orientations. Only one isolate, 19.1-R3, did not contain an IS26 nearby (Table 4) , and one isolate had IS26 in the orientation shown in Figure 1(d) . To detect potential multiple copies of the bla TEM gene, the TnAcontaining isolates were also screened. Two, 15.1-R1 and 21.1-R1, contained a second copy located next to an IS26. Overall, the most common configuration was with IS26 in the orientation shown in Figure 1(c) , but the sizes of the amplicons differed ( Table 4 ). The size of the TnA remnant was determined by sequencing (Table 4 ) and only 4-R2 and its variants and 1.9-R6 had the same junction. When the sequences were compared with publicly available sequences in GenBank (31 October 2010), only two junctions were found elsewhere. The 18.1-R1 sequence matched GenBank accession number FJ744121. The junction in 1-R1 matched Tn6029B in GenBank accession number AL513383.
Transposon Tn6029B in 1-R1
Tn6029B is a variant of Tn6029, a transposon that includes the strAB streptomycin resistance gene and the sul2 sulphonamide resistance gene in addition to bla TEM . 13 Tn6029B is found in pHCM1, an IncHI1 plasmid from Salmonella enterica serovar Typhi, 12 and suffered an 85 bp deletion relative to Tn6029. 13 As the E. coli isolate that carried the Tn6029B configuration also carries the strAB and sul2 genes, 14 it was further analysed for the presence of Tn6029 using primers listed in Table 1 . Products of the correct length were obtained for all PCRs and it was concluded that Tn6029B was present in this strain.
Discussion
The bla TEM gene was previously shown to be the dominant ampicillin resistance gene detected in commensal E. coli from healthy Australian adults, 14 and this also applied to the additional set of strains analysed here. All of the bla TEM genes were contained within a TnA group transposon or fragment from one of them that included the 38 bp IR adjacent to bla TEM . This study revealed a predominance of Tn2 among complete copies of TnA in commensal E. coli and, after reassessment of their type by direct comparison with the appropriate control sequences, Tn2 is also the most commonly reported variant of TnA in publicly available sequences. Thus it appears that Tn2 is the most widely distributed of the group. To date, only Tn1 has been seen outside the Enterobacteriaceae, being found in Pseudomonas and Acinetobacter.
The extent of the influence of IS26 in shaping the antibiotic resistance regions of Gram-negative bacteria is illustrated by the finding that most of the truncated transposon copies were associated with an IS26 located upstream of the bla TEM gene. However, there was a great deal of variation in the position of IS26 relative to bla TEM , suggesting that this configuration has arisen on many occasions. Finding the same IS26-bla TEM configuration in different isolates may reflect epidemiological connections, and the detection of a specific variant of Tn6029 in one isolate supports this conclusion. In this example, the presence of the same variant in a S. enterica serovar Typhi isolated in Vietnam in 1993 12 and in a commensal E. coli strain isolated in 2008 in Australia indicates that the variant transposon has spread both geographically and between species. The transposon has also changed its location, as 1-R1 does not contain an IncHI1 plasmid (J. Pinyon and R. M. Hall, unpublished observation). We conclude that the approach taken in this study has the potential to generate further insights into the epidemiology of specific resistance regions. Tn1 Tn3 Tn2 Tn2a  759 759  571 571  463  441  356  356 356  293  253  186 186  107  107  70  70  66  66  66  66   L  Tn1 Tn3 Tn2 Tn2a bla TEM transposons in commensal E. coli and AY424310 are for a copy of Tn3 derived from R1 by transposition and used in detailed transposition studies; they include a duplication of 9 bp that is not present in the original plasmid R1.
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